Using video intensification fluorescence microscopy and tetramethylrhodamine (Rho)labeled 3,3',5-triiodo-L-thyronine (T3), we studied the uptake of T3 by cultured mouse fibroblasts. After incubation of cells with 
Thyroid hormones play a fundamental role in regulating tissue differentiation and development and influence numerous metabolic processes (1) . A large body of evidence suggests that the initiation of thyroid hormone action is through the interaction of 3,3'5-triiodo-L-thyronine (T3) with nonhistone proteins in the chromatin (2) . Sterling (3) also presented evidence for specific T3 binding sites in mitochondria, which he suggested as another possible locus of T3 action. Evidently, the first step leading to these intracellular events is the entry of thyroid hormone into the cell.
In early publications (4) (5) (6) , thyroid hormone was postulated to enter the cells by passive diffusion. Recent work, though limited, has investigated the possibility that the uptake of thyroid hormones may be receptor-mediated. Specific T3 binding sites have been detected in purified rat liver plasma membrane (7) , and it was suggested that these might be involved in the entry of T3. Surface receptors for thyroid hormone have also been described in human erythrocyte ghosts (8) and rabbit adipocytes (9) . Recently, Krenning et al. (10) , using isolated rat liver cells, have demonstrated that uptake of T3 is an energy-dependent process, which is thought to be an active T3 transport. Although a similar finding was reported by Rao
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and coworkers (11, 12) independently, the mechanism of receptor-mediated uptake has not yet been elucidated. To study this question, we synthesized tetramethylrhodamine (Rho)-labeled T3 and showed that it possessed biological activity (13) .
In the present study, we used video intensification fluorescence microscopy to visualize directly the binding of T3 and concentration of T3 receptors in the plasma membrane and to demonstrate that the entry of T3 is at least in part by receptor-mediated endocytosis. This pathway has been previously established for the entry of a2-macroglobulin (a2M), insulin, and epidermal growth factor (14) (15) (16) (17) . MATERIALS AND METHODS Reagents. Rho-T3 and Rho-labeled thyronine were synthesized and purified as described (13) . Fluorescein-labeled a2M was prepared as described in ref. 14 20 mM Hepes to remove the residual serum. Rho-labeled or iodinated T3 was then added to the cells in 1 ml of serum-free medium at 370C, and the cells were incubated for 30 min at 370C. At the end of incubation the cultures were washed six times with serum-free medium, three times with medium containing bovine serum albumin at 1 mg/ml, and five times with phosphate-buffered saline. The volume of each wash was 1 ml. The cells were immediately fixed with 2% (wt/vol) formaldehyde for 1 min at 230C and examined microscopically.
For experiments using [125I]T3 as the ligand, after washing as described above, the cells were detached from the dishes by treating with 0.5 ml of 0.05% trypsin containing 0.02% EDTA at 25°C for 5 min. The cells were transferred into 15 ml polypropylene conical micro test tubes. The dishes were further rinsed with 0.3 ml of phosphate-buffered saline and the wash was combined. The cells were pelleted by centrifugation for 1 min in a microcentrifuge (Eppendorf centrifuge 5412) and the radioactivity in the pellet was measured in a gamma spec- Video Intensification Microscopy. The location of the fluorescent derivatives was observed with a silicon intensifier target (SIT) camera as described in detail by Willingham and Pastan (19) . The photographs were taken with Polaroid 107 films from the video monitor during continuous playback of videotape records of the observations.
RESULTS
Receptor-mediated uptake of Rho-T3 After incubation of 3T3 fibroblasts with Rho-T3 for 30 min at 370C, the cells became fluorescent and concentrated fluorescent spots were seen, as shown in Fig. 1A . In the presence of a 1000-fold excess of T3 these accumulations were absent, and the over-all fluorescence of the cells was much less bright (Fig.  1C ). This indicated that surface binding leading to the presence of these spots was mediated by a saturable process and that Rho-T3 and T3 competed for the same binding components. Furthermore, this binding was specific, because only weak background fluorescence was observed when the cells were incubated with Rho-labeled thyronine (Fig 1E) . The same diffuse pattern was observed when Rho itself was used.
A quantitative evaluation of this receptor-mediated process was obtained by uptake studies using [125I]T3. As (13) .
When the cells were incubated with Rho-T3 at 4°C, only bright diffuse fluorescence was observed. However, upon warming of the cells to either 230C or 370C for a few minutes, accumulations of fluorescent Rho-T3 were seen. These experiments suggest that internalization of T3-bound receptors is a temperature-dependent process.
The internalized Rho-T3 was contained in intracellular vesicles, which, when viewed continuously in living cells, moved in the cytoplasm by saltatory motion, characteristic of certain intracellular organelles (15, 19) . With longer observation (1-2 hr), these vesicles gradually began to accumulate in the perinuclear region of the cell. These vesicles could be clearly distinguished from other organelles visible by phase-contrast microscopy, such as lysosomes or mitochondria. This appearance is identical to that seen with insulin, epidermal growth factor, and a2M internalization, in which phase-neutral, nonlysosomal, saltating vesicles contain the concentrated fluorescent ligand (15, 17) .
We were not able to see any accumulations of fluorescence within the nucleus (Fig. 1 A and B) No correction was made for nonspecific binding. Fig. 2 A, C, and E, respectively. This is in contrast to the results shown in Fig. 1C , in which only a faint diffuse background fluorescence was seen. The bright fluorescence shown in Fig.  2 A, C, and E indicates that the initial binding of Rho-T3 to receptors was not blocked by the methylamine, dansylcadaverine, or bacitracin, whereas clustering was prevented (16, (20) (21) (22) .
Simultaneous incubation of cells with fluoresceinlabeled a2M and Rho-T3
The results obtained with cells incubated in the presence of both fluorescein-labeled a2M and Rho-T3 are shown in Fig. 3 . Fig.  3 A and B shows the accumulations of fluorescein-labeled a2M and Rho-T3, respectively. From Fig. 3C , which is the aligned overlay of photomicrographs A and B, it can be seen that most of the fluorescent spots from fluorescein-labeled a2M coincide with those from Rho-T3. Fig. 3D shows a misaligned overlay in which only a few spots were seen. This result strongly suggests that a2M and T3 enter cells by the same pathway (14) . DISCUSSION It has been generally believed that the entry of thyroid hormones into cells is by a process of simple diffusion (4-6). One reason for this assumption is that the hormone is lipophilic and thus soluble in the lipids of the plasma membrane. However, there is no direct experimental evidence to demonstrate this mode of entry. In the present investigation, we used fluorescent Rho-labeled T3 and cultured fibroblasts to study the mechanism of uptake of T3. The translocation of Rho-T3 was observed by video intensification fluorescence microscopy in the intact cells.
In the present investigation the presence of specific receptors for the uptake of T8 in cultured fibroblasts was shown by the demonstration that the surface binding and clustering of Rho-T3 could be abolished by unlabeled T3 and by the failure of Rho-thyronine or rhodamine to exhibit this phenomenon. That these receptors are directly involved in the uptake of T3 was shown by the presence of fluorescent endocytic vesicles in the cytoplasm. As expected for such vesicles, they were phase-neutral and were observed to undergo saltatory motion in living cells. After 1 hr. most of the vesicles became concentrated near the nucleus.
Whether the uptake of T3 follows the same pathway as a2M and polypeptide hormones such as insulin and epidermal growth factor was studied by comparing the uptake of Rho-T3 with that of a2M. a2M has previously been shown to bind to diffusely distributed receptors, to enter the cells via coated pits and vesicles (14, 17) , and to have its clustering and internalization blocked by various inhibitors (16, (20) (21) (22) . The observation that cells incubated with Rho-T3 were diffusely fluorescent at 4°C and that entry of Rho-T3 occurred upon warming of the cells suggests that the unoccupied receptors are diffusely distributed in the membrane. This conclusion was further sub- stantiated by the use of the clustering inhibitors methylamine, dansylcadaverine, and bacitracin. Preincubation of the cells with these reagents resulted in a bright, diffuse fluorescence pattern of Rho-T3, indicating that the receptors were diffusely distributed and that the binding was not blocked by these reagents. When cells were incubated simultaneously with fluorescein-labeled a2M and Rho-T3, more than 80% of the clusters were found to contain both Rho-T3 and fluorescein-labeled a2M. Because a2M was previously shown by transmission electron microscopy to be internalized via coated pits (17) , this result indicates that Rho-T3 was also internalized via the same structures.
Receptor-mediated endocytosis is the uptake mechanism for various biologically important molecules, including plasma transport proteins, certain polypeptide hormones (such as insulin and epidermal growth factor), asialoglycoproteins, and lysosomal enzymes (16, 23, 24) ; all of these are large or relatively large molecules. Our The presence of saturable and specific binding components for thyroid hormone in purified rat liver plasma membrane was reported by Pliam and Goldfine (7), although the physiological role of these T3 receptors was not defined. Entry of T3 into cells by a receptor-mediated process was suggested by others, using isolated rat liver cells (10, 11, 12) , human erythrocyte ghosts (8) , and rabbit adipocytes (9) . However, the mechanism of the uptake was not elucidated. In the present investigation, we demonstrated that one of the pathways of the uptake of T3 into cultured fibroblasts is via receptor-mediated endocytosis.
However, at this time, we cannot eliminate the diffusion process as an additional mode of entry into cells. The physiological significance of the receptor-mediated uptake of T3 is unclear. The prevailing belief is that the intracellular concentration of thyroid hormone is determined by free hormone level in the serum (27) . It is conceivable that the presence of T3 receptors in the plasma membrane may provide an additional regulatory site for hormone concentration by the cells, as has been observed in the case of other molecules such as insulin (15) . Further work is required to delineate the relative participation of T3 and L-thyroxine in this uptake mechanism, the possible involvement of the transport proteins, and the roles of different target cells.
Recently, the mode of estrogen entry into its target cells has become the subject of extensive investigation (28, 29) . Both passive diffusion (30) and carrier-mediated uptake (31) have been proposed; however, the mechanism is not yet clearly understood. An attempt to purify carrier proteins from uterine plasma membrane was hindered by contamination with cytosol estrogen receptors (32) . Our present methodology, which does not require the isolation of either the plasma membrane or the carrier protein, may be useful to study the mechanism of transport of estrogens or other steroid hormones into target cells.
